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SUMMARY 


and a^l^rr at* S manned satellite reentry from a near space orbit 
and a glide landing on a normal size airfield is presented rm_ + 

approach. 6 ^ ^ C0Uld he made Wlth a conventional glide 


+ Cad f ulated results for reentry at a flight-path angle of - 1 ° show 

lesLed ?iivht C n^h Cy °f ' f“ rCent in the impulse of a brocket. ?he 
thf J - + fllSh ^" P th gle at reentr y can be controlled within 0.02^ and 

point 1 is^MteSlv d de?i th S P ° int > wit * in 100 miles. The reentry 

throughan altitude of about JO 

y o increased these errors by as much as 0 . 02 ° and 500 miles. Intra- 

ShOW t I i ' at Pure drae "sentries starting 
Lift created by varying the'angS XC“S^SrSoS^S a SS 1 S g&l 
ir n dacreas ing the maximum deceleration and allows the range to the 

to riSreSef^TL^^^o^lSf ^ ® lidI ^ 0 fllght > 

lateral displacement of the flight path by as mich^s’ 600^1 lea . 3 ° all °" S 

+ , A ea fi° n controls WOuld provide control-attitude alinement durine 

low static^Vn^'t J° r reentry P nase this configuration should have 
low static longitudinal and roll stability in the Q 0 ° atwlp of- q -m- d v 

attitude. Control could be effected by jig n^dS a^ra'S^Se 


tude of'^abou^lOO^OOO^feet^y^unfolding^he'^ ^ accom r jUshed at an altl- 

- ° f attBC? n1i^r B iLTc P “S lng 

made from the recovery point to airfields at ranges of from 1W to 
?o2rse ’ dependln « “ p ° n the orientation with respect to the ordinal 
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INTRODUCTION 


ILT, 

ssr-r-” — 1 ;Hf « 

the vehicle reenter at angles^f^^tt^^^ ^ be dissipa ted in wave drag 

attitude allows much of -addition tilting the configuration 

rather than in surface heating In s to * e developed 

from the 90° angle of attack a speed high deceleration and 

to control the tra J ec ^:p trajectory is passed, the configuration 

^ -a - ; ”" ly Mgh 

lift -drag -rat io glider that would probably have good landing 
character i sties. 

i- t o+o +ho feasibility of the operational concept, a 

In order to evaluate^the ^ J f the ree ntry problem. Because 

study has been made of var P details based upon extensive 

sjsss ws: 

p^poS'ff^hisTap^to give'the results of generalised studies which 
pertain to the concept . 


SYMBOLS 


B 


b 


C 


R 


constant used in experimental approximation of atmospheric 

— Bh. 

density, p = 0 . 003 e 
wing span, ft 

lift coefficient, L — 

ipv 2 s 


resultant -force coefficient. 


Resultant force 

ipV 2 S 

2 


D 

e 

g 


drag force, lt> 

Napierian "base constant, 2.7^-S 

acceleration due to gravity at surface of earth 


32.2 ft/sec 2 


height above surface of earth, ft 

specific impulse, sec 

lift force, lb 

Mach number 

mass, slugs 

atmospheric pressure 

semilatus rectum of an ellipse 

heat-transfer rate, Btu/sec-sq ft 

Universal gas constant 

radius of assumed circular earth, ft 

radius of hemisphere representing equivalent nose of body, 
distance from center of earth, ft 

distance from center of earth at retrorocket firing 

surface area, sq ft 

incremental change in distance, ft 

temperature, °R 

time, sec 

velocity, ft /sec 

velocity immediately after firing of retrorocket, ft/sec 
velocity in circular orbit 

velocity decrement, ft /sec 
weight, lb 

weight at sea level, lb 
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i angle of attack of body X-axis, deg 

l angle of sideslip, deg 

i angle between reference axis and resultant velocity vector, deg 

S deflection of control surface, deg 

-T 

E elliptic eccentricity 

7 flight-path angle, deg 

0 inclination of retrorocket thrust axis from horizontal, deg 

9 orbit angle measuring displacements from apogee, deg 

p atmospheric density, slugs /cu ft 

Subscripts: 

0 initial condition at reentry 

1 condition immediately after retrorocket firing 

oo free stream 

A dot above a quantity denotes differentiation with respect to time. 

OPERATIONAL CONCEPT 


The reentry operation considered in this study is based on the prem 
ise that no really fundamental incompatabilities exist between the require- 
ments for an efficient reentry configuration and the requirements for an 
efficient landing configuration. The reasoning behind this statement 
becomes apparent as the study progresses. 

The space phase of the reentry maneuver is similar to the one usually 
proposed. The satellite is taken out of orbit by means of a small reduc- 
tion in tangential velocity (by means of retrothrust) at a predetermined 
point. Adjustments to the reentry trajectory can be made during the 
atmospheric part of the reentry. These adjustments can be of the or 
ofZSds of miles along the path and of the order of hundreds of miles 

lateral to the path. 


phase 

drag 


The problem of severe aerodynamic heating during the deceleration 
of the atmospheric reentry is avoided by achieving very high wave 
coefficients through extreme bluntness according to principles 
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discussed in reference 1. The bluntness is obtained by operating a low- 
aspect-ratio wing near an angle of attack of 90°. The angle of attack 
can be adjusted through small angles from 90 ° in order to produce rela- 
tively small amounts of lift (with no significant reduction in drag) . 

The lift is used to regulate the accelerations to reasonable values and 
to adjust the trajectory in order to reach the desired landing point. 

At either subsonic or moderate supersonic speeds the angle of attack 
is reduced to conventional values to provide a glide at a relatively high 
lift-drag ratio. The transition from reentry to the gliding operation is 
accomplished by providing a simple variable -geometry feature, which 
improves the performance in gliding and landing and which assures a stable 
configuration at gliding speeds. The power-off landing performance of 
the configuration should be superior to present and proposed research 
airplanes and most operational jet-fighter airplanes. It is expected 

that the vehicle could be landed at military airfields and most civil 
airports . 


CONFIGURATION 


The operational concept is based on the premise that the pilot should 
be able to select his landing area and land without damage to the vehicle. 
Preferably the vehicle should be capable of landing at any standard air- 
port . In order to obtain reasonable freedom in selecting the landing 
area during the final gliding phase of the reentry, this phase should be 
entered at supersonic speed and at a suitably high altitude. This proce- 
dure will maximize the energy available for the glide phase. The configu- 
ration therefore should have reasonably satisfactory performance and 
stability and control characteristics as a subsonic or supersonic glider. 

For the initial part of the reentry , deceleration should be accom- 
plished with a configuration having an essentially blunt shape exposed 
to the airstream and a wing loading that is relatively low. Such a 
configuration would have the maximum ratio of energy dissipation in wave 
drag to energy dissipation in frictional drag and therefore the least 
total heat input. Also, such a configuration would permit significant 
heat dissipation through radiation at allowable structural temperatures. 
Because the heating of the lower surface under these conditions would 
be fairly uniform, the design of the heat-absorbing structure would be 
simplified. With suitable plan-form and housing shape, the configura- 
tion under discussion would appear as a blunt body near 90 ° angle of 
attack and a relatively efficient glider at low angles of attack. 


In order to provide stable characteristics in both regimes of flight, 
sore variable -geometry feature is evidently necessary. For the initial 
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atmospheric reentry in which the angle of attack is close ^ 90° the 
center of gravity must be near the center of area of the configuration 
in order to avoid large out-of-trim moments. For the gliding configura- 
tion, however, the center of gravity must be ahead of the aerodynamic 
center in order to provide static stability. This change migh e acc 
plished either by reducing an area ahead of the center of grav y or y 
adding an area behind the center of gravity. In order to improve the 
subsonic gliding characteristics it appears desirable to utilize added 
area to increase the span and reduce the wing loading as well as to 
shift the centroid of area. For this reason the change in geometry 
which appears most feasible is the unfolding of wing panels located near 

the rear of the body . 

Certain requirements exist for control during each stage of the 
reentry. First, space controls must be provided to orient the body out- 
side the atmosphere. A retrorocket is required to initiate the reentry 
and to control the point on the orbit at which the atmosphere is f ^ rs 
encountered. During the phase of the reentry in which the angle of attack 
is close to 90°, aerodynamic damping is negligible and controls in roll, 
pitch, and yaw are required to provide stability augmentation. Further- 
more, control about the three axes would be desirable in order to steer 
the vehicle and to provide a trajectory with tolerable decelera on. 
Finally, normal aerodynamic controls would be required for the gliding 
phase at low angle of attack. Consideration of these requirements indi- 
cates the suitability of a modified delta plan-form configuration with 
wing panels that are folded out only for the gliding phase. Such a 
configuration could possibly have the general features of the one 
shown in figure l(a). Because the details of such a configuration 
will depend strongly upon extensive stability and control studies, no 
further description of the configuration will be attempted. 


Reentry into the atmosphere is intended to be at an angle of 
attack near 90° with the outer wing panels folded upward where they 
w ill "be out of the airstream. The configuration is to be adapted for 
the gliding phase by unfolding the outer wing panels (fig. 1(b)). 


Because of the directional- stability problem and the desire to avoid 
special structural design on the upper surface of the vehicle to combat 
aerodynamic heating, it is considered that the maximum Mach number in 
the gliding condition should be approximately 1.5 to 2. Trajectory cal- 
culations show that deceleration to this Mach number or even to low sub- 
sonic speeds can readily be accomplished in the 90 angle -of -attack con- 
dition. The capability of control at supersonic speeds is desirable, 
however, in case of some inadvertent separation from the booster during 
launching and, as mentioned previously, to provide maximum gliding range. 


The operational concept of the transition from reentry to the gliding 
operation does not require that maximum supersonic lift-drag ratios be 
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r^- ^f t ^- 


trajectories 


Transition From Orbit to Atmosphere 

Esr^Er? a °n f str 

sidfiefL^rr^e^ 6 ' ' 

siaered herein, the procedures are qualitatively applicable to ell inti 
cal orbits having small eccentricities. ^PP-Licaoxe to ellipti- 


^ u ^ lons of motio n.- The equations of motion which describe the 
path of the satellite In the reentry phase are Ascribe the 


'l - {' 


c + AV + 2V C AV cos (j 


(i) 


tan 7 = AV sin ^ 

1 V c + AV cos 0 


( 2 ) 


P 


r 1 2 V 1 2 cos 2 7 1 



(3) 



(*) 


€ 


l ~ r l 

r-^ cos 0^ 


( 5 ) 


8 


cos 0 = 


- r 


re 


( 6 ) 


tan 7 - 


e sin 9 
1 + £ COS 9 


(7) 


Effects of retrorocket Impulse on transition Qf 

going relations and the “^^^tions wer e made of the effect of 
150 miles (radius 4,150 mixes;, oumy ViMeht of 70 miles and on 

rocket impulse on the mght-path ^le hei^t of ^ ^ orblt to 

the distance traveled over the earth J surlace ^ ^ ^ velocity 
this height. The rocket was assumed ^ he ight of 70 miles 

^s^ake^as'representing tiHeSnation of ihe extra-atmospheric phase 
S tS reentr^ aS the beginning of the atmospheric phase. 

The results of the computations given in figure 3 applets of 

reentry angle (flight-path “fie at the^O-mile^l^ flrlng to the 

traveled over the ££^8^ function of the velocity decrement AV 

reentry at the 70-mile xev results indicate that the minimum 

produced by the retrorocket. vehicle down to the 70-mile level 

velocity decrement which wil g t To enter the T0-mile level with 

at perigee is about 125 feet ^sec ^ „ eloclty decrement of about 

a flight-path angle / Jill occur at a distance (on the 

150 feet per second and the r y rocket flrln g point. For a 

earth’s surface) of 9,100 mil V iecTement required will be about 

r 2 ; n St a per 4nd the distance traveled about 6,600 miles. 

The sensitivity of the reentry Tgle 

1 5Snt 1 ^fin°iSu e ise "for7he -1° reentry angle and about 
9S miles and 0.015° for the -l/2° reentry angle. 

Present solid-fuel rockets can be expected ^^^^effect 
reproducible within about percen a percent for 5° temperature 

of temperature he 

variation. It seems re 0 Variations from the expected impulse 

recent • f- - -S e o^rreer“^til the 

S’rnS Certain* 25^STl-«^X— could be compensated for during the 
atmospheric phase of the reentry. 
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.. , Effects Qf -Z . ariation s in reen t ry height on flight-path angle and 
di stance tra veled.- Because of the extremely low densities of the atm os- 
phere In the region of 7 0 miles altitude, there is some range of choice 
in assuming the altitude at which the extra-atmospheric phafe of toe 
reentry terminates and the atmospheric phase begins. Accordingly in 
gure , e effects of variations from the nominal height of 70 miles 
on the entry conditions are given. The reentry flight-pfth angle at a 

f ri„ t, ght le r el and the alEtan0e t0 this point from ?hep“rt„f 

decrements of^feef ^ Ere “7” f ° r rocket giving velocity 

decrements of 225 feet per second end 1 5 0 feet per second (corresponding 

1 and -1/2 reentry angles, respectively, at the 70-mile height). 

virtuali? h n 0 V effeci°o S Z™ the J°- mile level of aa much as 5 miles have 
225 feet ner r ® entry an S le the velocity decrement of 

r? and WDuld result in a change of only about 0 08° 

ZrSt iWlfb° f 150 fri Per S6C0nd - Fr ° m re8u lts P-sented lubse- 
have little eff 1 + SS +I! that variatlons in ent ry angle of this order 
tralectorv f f ^ Ct .? n the computed characteristics of the atmospheric 
rajectory. A 5-mile variation in height from the 70-mile level would 
change the distance traveled in the transition from orbit phale by 300 
and 500 miles for the decrements of 225 and 150 feet per second resnec 

changes in thfliston^ r° Uld lar f ^ be compensated for by corresponding 
n+w a d ^ ance traveled during the intra-atmospheric phase. In 
other words variation of the order of 5 miles from the 70-mile height 

and“the intm'V^t 5“ JUnCtion the transition from Sbit 

and the Intra-atmospheric phase would result in Insignificant differences 
in the overall trajectory characteristics. 


much ^ lnter P retation of these results Is that uncertainty of as 
the p?? 5 f < ^counting for diurnal or geographic variations in 

effective height of the atmosphere, during the operation of the 
reentry vehicle, would have little effect on the expected trajectory. 

Effects of direction of retror ocket impulse.- As an itoicehirvn e-p 
^ dagr< ^ of accuracy required in alining the retrorocket impulse the 

entL at°th! TO 0 " 1 ?” f "T imPUlSe ° n dlSt “ Ce t0 “try and aSe’of 
entry at the 70-mile level are given in figure 5 for reentry rocket 

impu ses giving vectorial velocity decrements of 225 and 150 feet per 

second (corresponding to reentry angles of -1° and -l/2° with impulse 

aimed horizontally) . It can be seen that the direction of thVSlal 

component of the velocity impulse has no effect on the reentry angle 

because the shape of the final orbit is the same (for a given magnitude 

?rom th m v”® * “ hether the rocket im P ul - r - is toward or Lay 

from the earth. However, the apogee of the final orbit is ahead of the 

rocket firing point if the radial component of the velocity impulsj m 
outward and behind the rocket firing point if the Impulse is inward 

E wa“„ir 1Se therefOTe to entry tha^'an 
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It appears from figure 5 ® ^^le misaliSLnt of as much 

would have little effect on the re a ^* le „y only 0.01° 

as 10° would reduce the magnitude o rocket firing point to entry 

to 0.02° • me effect on the dr stance from a nd _l/ 2 o 

is to increase the distance y ^qO a linement and to decrease 

entry angles, : respectively, 250 miles for both entry angles for 0 - 190 < 
the distance by about 200 to 250 MM ^ ^ atfflOSphere would per- 

The glide-control capabili y entry point of these magnitudes 

mit compensation for vana o rocket impulse by as much 

so that with inadvertent misaiinement of the rocK * desi ted 

as 10° the vehicle could probably still be landed a P 
point . 

-i -M-tro inefficiency of a, radial impulse 
As an indication of the for accomplishing the transl- 

alone as compared with a tangen mp miles), it would require 

tion from orbit to atmosphere (UOmles to a t tl al 

velocity S »0 leet per second to give a reentry angle of -l/2 • 


Atmospheric Flight Trajectories 


M„ t nod of analysis - As a means °f ^dyi^e^ossihle^trajeo- 

tories of the satellite CO "J 1 ^”5i°f or a satellite (for a circular non- 
atmosphere , the equations the aerodynamic lift and drag forces 

rotating earth) were wri onships to be considered after reentry are 

included. The geometric r ^ at ^°^Sration W as assumed to have attitude- 
illustrated in figure 6. The conf ^ation^^ and a high drag (flat 
control capabilities, zero fliRht path). In addition the resultant 

L to the surface whenever changes 

in attitude were made. 

_ frier 6(a)) which act along the flight path 

of tneTenS ^IcS^eiitfsn equation of motion to be written 
as follows: 


m V = -D - W sin y 


(8) 


This equation can he expanded to 


V = 


C_pv 2 s sin a 
K 

2m 



(9) 
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Since 


W = W c 


R, 


R e + h 


Establishing a space reference axis as in figure 6( 
forces which act normal to the flight path permits 
tion of motion to be written: 


a) and equating the 
an additional equa- 


mV(6) = L - W cos y 


( 10 ) 


It is desirable to express this equation in terms of the flight- 
angle and the angular travel around the earth 0; thus 


mV (7 - 0) = L - W cos 7 

where 


(id 


A V 

0 = p cos 7 

Equation (ll) can be expanded to 


7 = 


C R pVS cos a W 


R, 


2m 


mV\R e + 


cos 


7 + jr cos 


( 12 ) 


Inasmuch as the incremental changes in the radius r are equal to 
incremental changes in altitude h (fig. 6(a)), the equation for rate 
of change of altitude may be written (fig. 6(b)) 

h = V sin 7 (13) 

+h _ Equations (9) to (13) were used to calculate the trajectories of 
the reentry vehicle for various initial conditions as it Reentered the 
atmosphere. In order to simplify some of the calculations the wiation 
ospheric density with altitude was approximated by the expression 


P = 0.003e 


-Bh 


(H) 


dSnStv\ltitude 0 Siat ThiS > i eXPreSSiOn giV6S a g °° d a PP roxima tion of the 
dbO 000 relationship presented in reference 2 up to about 

350,000 feet. A resultant-force coefficient C R of 1. 7 based on modified 
Newtonian theory was used for all cases that are presented. 
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„ „r„,s;rsss,i 

zB’fJSSz rs sis-r^-ss »r 

assumed to *be 4,000 miles). 

A range of wing loading of from 10 to 30 pounds per square foot™ 
covered . The angle of attack was held certain* point and then main- 

tSXtSLSZ ? tie The angle-of- 

attack range was from 60 to 90 . 

The trajectory calculations were made on a digital computer. 

Eff ect of reentry f light-path angle.- C e <^in 4 i gur e ^ 4 s varia- 

start from different reentry angles are preset* 1 i f: J against 

tions of deceleration, velocity, and flight-path angle pi % 0 _pO 

altitude. Results are presented for re^anges of -l/^ 1^, > 

and -2°; all results shown are fora Sp. The variations of 

square foot for a constant ang units show that the same peak 

deceleration, which are presented in g units, show tha ^ ^ 

value of 8g is reached for reentry angles 7o rt V , ^ ^ 

Although the flight-path angles “ converge to a common relation- 

that the flight-path angle deceleration reaches a maximum, 

ship as altitude decreases before th ^^cele^ deceleratloII „ ould 

Thus, it woal 3 ^ averted th ^ results of refere nee 1 showed that 
occur in each of these i OVP tinnq the effects of gravity can 

for large reentry angles and acc considered a function of the 

be neglected and the ^ximum^eceleratxon con^ ^ ^ ^ 

sine of the reentry angle. The presen ancles of 1° or less 

differ from reference 1 in the range o * * with res pect to the 

because the decelerations encoury t J 3 f reen try flight-path angle 

gravitational acceleration. For the cas about 9g . This 

of . 2 o the deceleration velocity time histories 

aiSv'conveige wi?h the other cases hut the convergence occurs 
biS th^aSS at which maximum deceleration is reached. 

Figure T also shows that as the altitude ^cre^se^from 350,000^eet 
to 300,000 feet, very little change is no^ appl i es to the 

path angles from the initial * . sec tion. Thus, as previously 

space trajectories discussed in P atmosphere is initially 

mentioned, the point at which the ef feet of the a ^P Qf abQut 

^O^IeS S-°g? 1 £SS poin? 1 selected herein (350,000 feet). 
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Effect, of wing loading .- It is expected that the reentry vehicle 
would have a wing loading somewhere in the range from 20 to 30 pounds 
per square foot. As a means for determining the effect that different 
wing loadings might have, trajectories were calculated with wing loadings 
of 20, 25, and 30 pounds per square foot. Figure 8 shows the variations 
of deceleration, velocity, and flight-path angle for three cases starting 
with a reentry angle of -1°. The one set of curves is used to represent 
the three cases because the only significant difference in the trajec- 
tories was a shift in altitude at which corresponding values of the 
quantities shown were reached \ hence, the three altitude scales are dis- 
- placed from each other by about 4,600 feet. This shift of the altitude 

■ scales is such as to cause the atmospheric densities for a given point 

5 on the curves representing the three trajectories to be proportional to 

l the wing loading. 

Effect of small lift forces on trajectories .- The deceleration cal- 
culated in each of the reentries shown in figures 7 and 8 stayed above 
7g for periods of J>0 seconds or longer. This deceleration history repre- 
sents a rather severe loading on the pilot even if he is protected by 
a "g-suit," and it is desirable to alleviate this condition. If the 
trajectory were controlled so that the vehicle underwent more of its 
deceleration in the less dense atmosphere, then the magnitude of the 
deceleration would be less. Reentering at very low flight -path angles 
In an attempt to slow down at high altitude Is ineffective because, as 
shown in figure 7, the peak deceleration is not critical to the reentry 
angle for the range between 0 and -1°. It becomes necessary then to 
apply lift forces to the vehicle and a method suggested is to vary the 
angle of attack from 90° "to less than 90° so as to direct the resultant 
force upward from the flight path and thereby obtain a lift component. 
Reference 3 presents information regarding the effect of lift upon reentry 
trajectories. Figure 9 shows time histories for two examples in which the 
angle of attack was varied from 90° in a step fashion at a certain point 
during the reentry, and also for an example where the angle of attack was 
unchanged from 90° to present a basis for comparison. All of the examples 
start from a reentry angle of -l/2°. In one example the angle of attack 
is changed from 90° "to 80° when the deceleration reaches Jg. In this case 
the peak deceleration is about 4.5g, which is a tolerable loading for a 
pilot protected by a g-suit. Thus, it is apparent that lift forces created 
in this manner could be an effective way of reducing decelerations. In 
the other example presented, the angle of attack is changed from 90° to 
60° when the deceleration builds up to 1 g. In this case the decelera- 
tion stays less than 2g but the trajectory exhibits a long-period oscilla- 
• These examples show that angle of attack has a marked effect on 
deceleration, and it appears likely that a constant deceleration for a 
considerable part of the trajectories could be obtained by proper pro- 
graming of angle of attack such as is proposed in reference 4. 
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The horizontal distances traveled for the examples shown in fig- 
ure 9 show a wide variation depending upon the angle of attack that was 
utilized. For the purpose of demonstrating the effect of angle of att c 
upon the horizontal distance traveled from the initial reentry pom , a 
number of trajectories starting with a reentry angle of -1 were cal- 
culated with different angle-of -attack programs. Figure presen 
the variation of horizontal distance traveled as a function of angle 
attack for three different programs of angle of attack. The range reac 
for the case where the angle of attack was held at 60 throughout the 
trajectory was about 3,700 miles as compared with a range of about 
1,400 miles for the case where the angle of attack was kept at 90 .A 
comparison of the data for the cases where the angle of attack was 8 
or less shows that the point in the trajectory at which the angle o 
attack is changed from 90° has a substantial effect upon the distance 
traveled. The data of figure 10 show that changing the angle of attac 
from 90° to 60° at the point where the deceleration reaches 1 g resu 1 
in about 600 miles additional travel over that obtained by changing e 
angle of attack from 90° to 60° at the point where the deceleration 
reaches 3g. Figure 9 shows that the 3g point occurs only 40 seconds, 
after the 1 g point for the case where the angle of attack is maintame 

at 90° throughout the run. 

The possibility of displacing the flight path laterally by holding 
various angles of sideslip (at very high angles of attack, sideslip is 
created by rolling about the longitudinal body axis) was also studied. 
Figure l/ shows the variation of lateral distance with distance along 
the original flight path from the reentry point to the recovery poin 
for valuesof sideslip » of 30° and 10°. In these cases the distance 
alone: the original flight path would be obtained by holding the angle 
STttS constant at Various values between 90° and 60° and the varia- 
tions shown should not be extrapolated beyond this range of angle 
attack. The results show that for distances o a ou 3,7 60°’) 

the initial point (which can be obtained with an angle of attack of 60 ) 
lateral distance would be of the order of 200 miles for P = 10° 

Ind slightly over 600 miles for p = 30°. For a reentry with a held 
t oqO hhe lateral distance traveled would be about 40 miles for p 
a -hAnt 1P0 miles for B = 30°. Increasing angle of sideslip also 
“ Lt increase In the distance traveled along the original 
mS path tea” the reduction of drag brought about by tailing 
the resultant force away from the flight path. 


STABILITY AND CONTROL 


for 

The 


s section describes some of the stability and control ; aspects 
period of flight from just prior to start of reen ry o a 
ion is given in a chronological order. 
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Orbiting and Retrorocket Phase 

During the orbiting phase of flight the pilot would, as previously 
mentioned, use reaction controls. These controls would be similar to 
those proposed for an advanced research airplane and would provide maxi- 
mum angular accelerations on the order of 5°/sec 2 in roll and 3°/sec 2 
in Pitch and yaw. The pilot would be required to do very little con- 
trolling during this phase but no doubt he would want to control the 
airplane attitude, for example, to observe the earth. Immediately prior 
to firing the retrorocket the pilot would be required to aline the air- 
plane, so that the retrorocket thrust axis is approximately alined with 
he airplane flight path. The thrust axis of the retrorocket should be 
alined as closely as possible with the airplane center of gravity so as 
to minimize the pilot's control task when the retrorocket is burning 
Furthermore, the thrust of the retrorocket should be of such a magnitude 
that any moments . arising from thrust misalinement can be balanced by the 
low thrust-reaction controls. Upon burnout of the retrorocket the pilot 
wouid use the reaction controls to pitch the airplane to an angle of 
attack of about 90° for the reentry phase. 


Reentry Phase 

. x Durin g th e reentry phase of flight the pilot would be required to 
maintain an angle of attack in a range from about 60° to 90° and also 
e would be required to maintain the roll and yaw angles as desired. 

Lo ngitudinal stabil ity and control .- The airplane should be designed 
to have positive static longitudinal stability in the reentry configura- 
tion. This stability can be provided by locating the center of gravity 
very near the centroid of area and making the under side of the wing con- 
vex The amount of curvature will probably be dictated by aerodynamic- 
heating considerations. The static stability should be small in magnitude 
because it win be difficult to provide a longitudinal control having very 
high effectiveness. The aerodynamic data available for reentry shapes 
indicate that maintenance of a small static margin will be possible. The 
longitudinal control at 90° angle of attack might be obtained by control 

^ in ff d at the edge of the win & in a manner similar to that 
sketched in figure 1. 

In connection with the reentry phase, studies are needed to deter- 

^naJi^ h hi kl i d v f in 5° rraation that needs to be provided to the pilot to 
enable him to keep the airplane in the desired attitude and on the desired 
flight path. The required information could be in the form of a com- 
p etely visual display or it could be a ground -control -approach type of 
operation with the pilot receiving verbal instructions from ground sta- 
xons. Also it should be noted that the pilot's control techniques during 
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reentry are In some cases different ™ual. ™ 

attU so as ti tut the resultant-force 

vector upward from the existing flight path. 

Lateral stability and_co ntrol - Unlike jj^entional^irplane, the^ 

reentry con “^“°i L °jn ' ^“the 90° angle -of -attack condition. This 

Sconlrating convex curvatnre on the 

under side of the wing. 

At 90° angle of attach the reentry configuration will 
neutral Satie directional staW LUty ^thetady axis, and ^ & 
must keep the airplane J> rop *£ ^ all , rol ' could probably be obtained 

-s = SftdirS: s 

SS momentSthe 1 ^ 1 ^-/^ Ised differentially or in 
comb i nat Ion, 

Although much additional 

the stability and control c ® stability and control standpoint. 

SSK STS nriSrUli-d at low super- 

sonic or at subsonic speeds. 


Gliding Phase 

The transition to the gliding Phase °^e flight by 

unfolding the outer c 1 n K par. esno panels are located rear- 

variable geometry feature. Be™=e these ui g P negative 

ward of the airplane center of gravity they vill^pro ^ for B gliaing 

pitching moment and ^uce t e gl alre ctional stability standpoint 
fllgllt - A uh™ the tr^Suon is male from the large angle of attack to 
2 relatively 2 ££ - attack because of the probability , o ^ 

ro^fs^rid^ 

airplane configuration. 


Approach and Landing 


It is assumed, as a starting point 
landing behavior of the reentry vehicle. 


in assessing the approach and 
that the angle of attack of the 
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aircraft has just been reduced from the reentry value of 90° and that 
this event occurs at an altitude of 125,000 feet and a velocity of 
2,000 feet per second. Assuming that a wing loading of about 15 pounds 
per square foot is a reasonable value for the configuration during this 
phase, calculations were made of the pull out and glide capabilities. 

At this altitude and velocity the lift coefficient for steady flight is 
beyond the capabilities of the aircraft so that a glide pull out is begun 
at a high lift coefficient (C L = 0.75) and ends at an altitude of 
92,500 feet and a velocity of 1,800 feet per second so that a distance 
of 20 miles is covered. Using a lift-drag ratio of 4 for supersonic 
speeds and 11 for subsonic speeds it is estimated that the configuration 
could cover approximately 200 miles straight ahead or about I50 miles 
if a 180° turn must be made in order to head toward a desired landing 
area. An altitude of 10,000 feet over the landing field was assumed in 
order to allow for a landing approach. With a C L of 0.6 and an angle 

of attack of 16°, touchdown could be at about 90 knots which would allow 
a rather short ground run. 

As pointed out in the discussion of the operational concept, the 
normal landing would be at a preselected airport not too far to either 
side of the extended satellite flight path. If, however, some unexpected 
error were made in the flight path or the ground control, a landing could 
be made on any 5,000-foot runway within 150 miles of the recovery point. 
Within the continental limits of the United States there is no spot that 
is not within 125 miles of an airport having 5,000-foot runways. It is 
practically impossible therefore for the aircraft to be out of range of 
a suitable emergency field at the time of recovery providing that weather 
conditions are not unfavorable. 


HEAT -TRANSFER RATES 


Heat-transfer rates on the lover surface of the reentry vehicle at 
angles of attack of 90° were calculated on the basis of some simplifying 
assumptions. These assumptions were necessary because information was 
not available on pressure distribution, skin friction, or heat transfer 
on the lower surface of a low-aspect-ratio wing at an angle of attack 
near 90 in hypersonic flow. Use was therefore made of some information 
available on pressure gradients and heat transfer on flat disks, flat- 
faced cylindrical bodies, and bodies with a hemispherical nose. 

In order to compute the heat-transfer rate on the lower surface of 
the wing of the assumed research vehicle, the wing was assumed to be 
equivalent to a circular disk of the same area as the wing. Heat-transfer 
rates were then computed for the stagnation point of a hemispherical nose 
having a diameter equal to the diameter of the equivalent disk. The heat- 
transfer rate for the disk was then taken as half of that for the hemi- 
spherical nose. Because of the convex curvature of the lower surface of 
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^s££K=s SSSe Hr 

heat-transfer S rate C across h t^ e iower n surface°of%he^wi^^^s^^^refore ^ 

w « r. ° ^ -a-* *. - e 

for all angle-of -attack conditions was assumed to be negligible. 

The heat-transfer rates at the stagnate point tfa hemispherical 
nose were computed first by the metho^ a ^ he proC ess of computing 
making use of ideal gas pr °P“^' 1 (rff 6) was tried and found to 
heat-transfer rates the method <*J%*1* for ihe conditions encountered 
agree closely with that ox r y qi p Romie's method required 

in the trajectories of —foTall of the subsequent calculations. 

S^n^tion point of a hemispherical nose, Romig gives the rela- 
tion for heat -transfer rate as 

q , (15) 


where 

q heat-transfer rate in Btu/sec-sq ft 

m free -stream Mach number 

1 1 oo 

P free-stream pressure, Ib/sq ft 

1 OO 

radius of the hemisphere , ft 

For a flat circular disk the heat-transfer rate would be 


q = 0.00725Mo 0 5,1 |g (l6 

q = 0.00905M co 5 ' 1 ,^ (r 


19 


If Rjj is taken as 8 feet on the basis of preliminary estimates of 
a reasonable value, equation (17) reduces to 

q = 0 . 0032Moo^ * 1 ^Poo (18) 


The heat-transfer equation (eq. (15)) was developed by Romig for the 
condition where the wall temperature was equal to the free-stream tem- 
perature. This simplifying assumption is commonly made in calculating 
heat-transfer rates and is justified because the temperatures encountered 
behind the normal shock during the reentry trajectories are large com- 
pared with allowable wall temperatures. It should be noted that the 
heat-transfer rate as given by equation (l8) assumes that the flow is 
laminar over the disk. This assumption appears to be Justified by the 
fact that the Reynolds number, based on free-stream conditions and a 
radius of 8 feet, is of the order of 100,000 near the time in a trajec- 
tory when the laminar heat-transfer rate is maximum. 

The Mach number in a trajectory was computed from the vehicle 

velocity and the altitude time histories such as that presented in fig- 
ure 9 and the temperature -geometric altitude relationship as given in 
reference 2. Pressure was computed by using the temperature- 

altitude relationship In reference 2 and the following relation for 
density 


h 


= 0.003e 2 3 >°°° 

from which the relation for pressure is 


h 


Pqq = 0.003RTe 


23,000 


The results of the computations of heat-transfer rates for various 
conditions of reentry angle y Q , angle of attack a, and wing loading W/S 
are presented in figures 12 to 17. The effect of reentry angle on heat- 
transfer rate is shown in figure 12 for a = 90° and W/S = 20 pounds 
per square foot. The maximum heat-transfer rate is about the same for 
reentry angles of -1/4°, -l/2°, and -1° but about 20 percent greater for 
reentry angle of -2°. The total heat input (integral of heating rate), 
however, decreases with increase in the reentry angle. Comparison of 
the time histories of the heat -transfer rates with corresponding time 
histories of deceleration along the flight path showed that the maximum 
heating rates occurred appreciably before maximum deceleration. For 
example, compare the time history of heat-transfer rate for the case cf 
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7 = -l/2° shown in figure 12 with the time history of deceleration for 

the same case as shown in figure 9* 


The effect of changing angle of attack during the trajectory on the 
heating rate is illustrated in figure 13 for y Q = -1/2° and 
W/S = 20 pounds per square foot and in figure 14 for y Q = -1° and 

js — 25 pounds per square foot. The angle— of— attack conditions are as 
follows. For a = 90°, this angle of attack was maintained throughout 
the trajectory. For a = 80° at 3g> the angle of attack was initially 
90° and changed to 80° when a deceleration of 3g along the flight path 
was attained. For a, = 60° at 1 g, the angle of attack was initially 
90° and changed to 60° when a deceleration of 1 g was reached. For the 
a = 60° case, the angle of attack was maintained at 60° throughout the 
trajectory. The heat-transfer rates computed for angles of attack other 
than 90° are questionable since the method is derived for the 90° angle 
of attack only. If the flow pattern and the position of the stagnation 
point change appreciably with change in angle of attack from 90°j "the 
computed heating rates may be expected to be in error and it is probable 
that the heat-transfer rate will be appreciably higher toward the leading 
edge. If the flow change for the 80° angle-of -attack case is assumed to 
be negligible, it may be seen that changing from a = 90° to a = 80° 
at a time when the deceleration reaches 3g results in no change in the 
maximum heating rate and only a slight change in the total heat input . 
This maneuver (changing from a = 90° to 80°) was shown in the section 
on the discussion of trajectories to result in an appreciable reduction 
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maximum deceleration ^8g to 4^g^ 


The effect of increasing the weight of the research vehicle on the 
heat-transfer rates is shown in figure 15 for 7 0 = -1° and in figure 16 
for 7 = -l/2 0 . Increasing the weight by 50 percent and thereby 

increasing the wing loading frcm 20 to 30 pounds per square foot increases 
the maximum heating rate by about 20 percent . 


Some heat-transfer rates were computed for a = 43 , a condition 
which would give an attached shock on a wedge at Mach numbers greater 
than about 7. The mean chord station was selected for purposes of the 
computations. The laminar heat-transfer rate was first computed at a 
distance of 1 foot from the leading edge on the lower surface on the 
basis of local flow conditions behind the attached shock. The relations 
between heat transfer and Reynolds number of reference 7 were utilized 
for computing the heat transfer in laminar flow. The heat-transfer rate 
at other positions along the chord were then taken as inversely propor- 
tional to the square root of the distance from the leading edge. The 
average heat-transfer rate over the leading edge was computed and cor- 
rected for sweep angle on the assumption that the leading edge was 
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approximated by a half-cylinder having the same radius as the leading 
edge . The heat-transfer rate averaged over the mean chord and the aver- 
age rate at the leading edge for a reentry angle y Q of -2°, a wing 

loading of 20 pounds per square foot, and an angle of attack of 43® 
throughout the trajectory are presented in figure 17. Although the heat- 
transfer rate as computed by equation (l8) loses its significance for the 
attached-shock case, this calculated curve is presented in figure 17 as 
a matter of interest. The oscillations of heat-transfer rate are due to 
the relatively high lift associated with the 4-3^ angle of attack, which 
causes a skipping motion of the vehicle. The average heat-transfer rate 
over the leading edge for a = 43° is appreciably greater than the max- 
imum rates for angles of attack at 90° (fig. 12). Furthermore, the aver- 
age heat-transfer rate at the leading edge at wing stations near the tip 
may be in the neighborhood of 80 percent higher than those shown in fig- 
ure 17 because of the smaller leading-edge radius. Angles of attack 
of 90° or approaching 90° would therefore appear to offer a more uniform 
distribution of heat-transfer rates than angles of attack of 43° or less. 


HEAT PROTECTION 


In order to maintain reasonable weights for a vehicle adapted to the 
proposed reentry concept, special consideration has to be given to the 
materials and structure to be used in the basic wing and aerodynamic con- 
trol surfaces that are exposed to the high heat— transfer rates discussed 
in the previous section. 

Ren£ 41 and beryllium are suggested as one possible combination of 
materials for these structures. The selection of Rene 4l was based on 
its high ratio of strength to weight at temperatures up to 1,600° F. 
Beryllium was selected on the basis of its high specific heat. The com- 
bination of Rene' 4l and beryllium produces a relatively light structure, 
inasmuch as only 1 pound per square foot of beryllium is required in the 
lower surfaces to keep the temperature during the peak heat-input period 
below 1,600° F. At 1,600° F a large portion of the heat input is rera- 
diated back to the atmosphere. A combination of heat-sink and heat- 
radiation capability is desirable because it allows reentries to be made 
at either low reentry angles, where the heat-transfer rates are moderate 
and the total heat inputs are large, or at higher reentry angles, where 
the heat-transfer rates are higher but the total heat inputs are lower. 

Figure 18 shows the time history of the temperatures of the top and 
bottom surfaces of the basic wing structure, the heat input, and the heat 
radiated to the atmosphere by the top and bottom surfaces. The heat- 
transfer rate is for the reentry configuration with W/S = 20 pounds per 
square foot, a = 90°, and y Q = -l/2° shown in figure 9. This reentry 
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is considered the most severe on the structure fran consideration of the 
heating. Although other reentries apply more total heat to the structure, 
the radiation of the structure is sufficient to keep the temperature 
below 1 , 600 ° F . 

The temperatures of the surfaces were determined by considering the 
relations of the total heat input, the radiation between the surfaces 
and to the atmosphere, and the heat absorbed by the Rend 4l and bery vim 
material. An emissivity factor of 0.8 was assumed for the radiation of 
all the surfaces. 

The large temperature gradient through the structure would require 
special consideration of the interconnecting structure to allow for the 
differences in thermal expansion between the top and bottom sandwich 
structure. The temperature gradient across the bottom sandwich struc- 
ture is not expected to create a problem, because of the high conduc- 
tivity of the beryllium. 

Other materials could be used for the structure and heat protec- 
tion of the reentry vehicle, but it is expected that the resultant weights 
will be of the same order as the beryllium and Rene 41 selection. 

The theoretical work reported in reference 8 has indicated that 
ablative materials show promise of being effective as heat shields; 
however, no experimental data are available for the heat -transfer-rate 
conditions shown in figures 12 to l6. 

Insulated, lightweight, high- temperature heat radiators are also 
possible for reentry vehicles. If such a radiator were used on the 
bottom wing surface in the presence of the heat inputs shown in figure 18 , 
essentially all of the heat input would be radiated back to the atmosphere 
The maximum surface temperature for such a structure wou e a ou 
2 100° F. Attaching this radiating surface to the reentry vehicle an 
insulating between the structure and surface present problems beyond the 
scope of this investigation. 


CONCLUDING REMARKS 


A concept for a manned-satellite reentry which terminates with a 
glide type of landing has been described. The results of studies relating 
to various phases of the reentry are presented and point up the feasibil- 
ity of the concept. The results show that the retrorocket fired with 
impulse inaccuracies of about ±2 percent and alinement inaccuracies of 
about +10° will produce the desired flight-path angle within 0.04 and 
thedesired location of the reentry point within 600 miles for a -1 
reentry angle. 
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Reentries at 90° angle of attack (nonlifting) starting with flight - 
path angles between 0° and -1° resulted in peak decelerations of 8gj how- 
ever, small lift forces obtained by varying the angle of attack between 
90 ° and 60 ° were effective in lowering the deceleration to about 4-g or 
less. These lift forces were also an effective means of extending the 
range covered during the atmospheric phase of the reentry and could be 
a means of compensating for errors in the location of the reentry point 
caused by errors in the retrorocket -firing maneuver. 


RECOMMENDATIONS 


The navigational and control procedures to be used with the reentry 
vehicle between the reentry and landing points were not determined and 
present a fruitful field for future research. There are, in addition, 
many problems associated with the configuration and the operational 
concept that require further investigation and study. These aerody- 
namic problem areas are listed as follows: 

Low-speed range (Mach numbers to 0.5): 

(1) Size of folding panels needed for stability 

(2) Study of pitch -up characteristics 

( 3 ) Effect of center- and tip-located vertical tails 
(A) Comparison of elevons with all -movable surfaces 

(5) Relative merits of subsonic and supersonic gliding configurations 
Range for Mach numbers from 0.5 to 2.0: 

(1) Transition from high angle of attack to low angle of attack 

due to unfolding panels 

( 2 ) Directional stability - determine maximum Mach number for 

transition 

Hypersonic speed range (Mach numbers 6 to 25): 

(1) Lift-curve slope at high angles of attack 

(2) Stability in pitch and roll 

( 3 ) Effectiveness and shift in aerodynamic center due to tab-type 

controls 
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(4) Control interactions 

(5) Aerodynamic heating - effects of angle of attack and possibil- 

ity of local hot spots 

(6) Aerodynamic heating of shapes similar to that of the proposed 

configuration 

Problems regarding the launching have not been considered although 
which a controlled emergency landing could be made. 


Langley Research Center, . . „ 

National Aeronautics and Space Administration, 
Langley Field, Va., January 1 , 1959- 
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(a) Reentry 



"V 



(b) Landing 


Figure 1.- Possible reentry configuration 
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Figure 8.- Effect of wing loading W/S upon the variation of decelera 
tion, velocity, and flight-path angle with altitude. ? 0 = -1°; 

= QO°. 
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figure 10.- The effect of angle of attack upon the horizontal distance 
traveled along the flight path from the reentry point to the recovery 
point. 7 = -1°; W/S = 20 pounds per square foot. 







Figure 13 Effect, of different angle -of -attack programs on the heat-transfer rates calculated 
for trajectories having a reentry angle of -1/2°. W/S = 20 pounds per square foot: reentry 
altitude = 350,000 feet. 
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having a reentry angle of -l/2°. Reentry altitude = 350,000 feet. 









